Introduction
MicroRNAs (miRNAs), typically of 17 -25 nucleotides in length, participate in gene expression as a family of small and non-coding RNAs. [1] [2] [3] [4] [5] Accumulated research demonstrates that miRNAs play important roles in a wide range of biological processes including cell differentiation, 6 proliferation, 7 and metabolism. 8 MiRNAs can be identified as new biomarkers for clinical diagnosis, [9] [10] [11] and oligonucleotide drug candidates for new therapeutic approaches, 12, 13 since aberrant expression of miRNAs leads to a variety of human cancers and other diseases, 6, 14 such as ovarian cancer, 9 tumorigenesis 15 and Alzheimer's disease. 16 Therefore, it is imperative and clinically significant to profile miRNAs.
Up to now, many methods have been developed for the detection of miRNAs, although it is more difficult to sense miRNAs than their DNA counterparts due to the short length, sequence similarity and low abundance. The most standardized and widely used method to detect miRNA is Northern blotting. 17 But this multi-step method involves electrophoresis gel, membrane transferation, fluorescent or radioactive label, and suffers from time-consuming operation and limited sensitivity. Alternatively, other relatively simple and sensitive profiling methods have emerged, based on hybridization in various signal amplification strategies. Microarray is an effective method for high-throughput and multiplex profiling of miRNAs, 18 but miRNA labeling and probe fixation are inevitable processes. Even though PCR (polymerase chain reaction) as a sensitive and well developed technology was commonly used for nucleic acid quantification and validation in point of care diagnosis, it faces challenges when dealing with miRNAs because of the inability of much shorter primers to efficiently bind on short miRNA templates. 19 Recently, many signal amplifying methods based on enzyme reactions (e.g., rolling circle amplification, [20] [21] [22] [23] polymerizing/nicking amplification 24, 25 ) and enzyme-free reactions 26, 27 have been explored for biosensing, coupled with various nanomaterials, such as nanowire, 28 nanocluster, 29 and nanoparticles. 30 Enzyme participating methods have the advantage of high efficiency, while the enzyme-free methods outweigh their counterparts in cost. However, nanomaterial involved methods are still limited to some extent, especially in the aspects of complex operation, expensive label, laborious synthesis, etc. Therefore, novel simple and sensitive methods are still in great demand for miRNA detection.
In addition to effective signal amplification, target amplification is crucial for the sensitive detection of trace targets. Enzyme-based isothermal DNA amplification is a powerful and essential tool for realizing this goal by translating diversified targets (DNA, RNA, protein or small organic molecules) into input DNA before subsequent DNA replication. 31 So far, enzyme-assisted isothermal exponential amplification has attracted much attention. 24, 32 With the help of a highly efficient enzyme, it is possible to initiate a DNA machine-like process using a target as a trigger to consecutively generate target molecules (or target analogues) and signal amplification elements at the same time. In this case, sensing sensitivity should be considerably enhanced. Horseradish peroxidase (HRP)-mimicking DNAzyme (HRP-DNAzyme) is a widely used signal amplification element in various elegent biosensing strategies, [33] [34] [35] [36] due to the great catalytic ability of colorimetric reactions.
Herein, we attempted to explore a novel simple and colorimetric sensing strategy for highly sensitive detection of miRNA based on tool enzyme-assisted isothermal target amplification combined with the catalysis of DNAzyme. In our Considering the crucial role played by microRNAs (miRNAs) in biological processes, we developed a novel strategy for simple and colorimetric detection of miRNA by combining target amplification with DNAzyme. Throughout the work, a 22-nt oligonucleotide sequence was used as a model analyte. A label-free hairpin probe (HP) was used as a simple platform for sensing the target. In the presence of the target, the HP was opened, and then the isothermal circular strand-displacement process occurred with the help of a primer, deoxynucleotide solution mixture (dNTPs), Klenow fragment exo -polymerase, and Nb.BbvCI nicking enzyme. As a result, the target was recycled and multicopies of target analogues were generated that function in the same manner as the target, accompanied by the accumulation of signal elements. In this work, as low as 0.5 fM nucleic acid target was detected by horseradish peroxidase-mimicking DNAzyme catalyzing the oxidation of ABTS 2-to colored ABTS work, a 22-nt oligonucleotide sequence was selected as a model target. A hairpin probe (HP) that included two nicking sites was used as a recognition element. When the target was introduced, the stem of the hairpin probe was opened. Then a primer, which was complementary to the stem region of the probe at 3′-end, was added and annealed to the opened hairpin probe. In the presence of the polymerase and nicking enzyme, the isothermal circular strand-displacement process occurred successively, which contributed greatly to target recycling and target regeneration. Consequently, the hybridized target strand was displaced to open other hairpin probes and new target analogues, which function in the same manner as the target, were also synthesized and displaced; at the same time, the signal reporting elements G-rich DNAzyme sequences were abundantly obtained. The amount of nucleic acid target was proportional to the UV-vis absorbance value of the oxidation product of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS 2-) catalyzed by the produced HRP-DNAzyme, and the accompanying color change was visible to the naked eye.
Experimental

Materials and chemicals
Nicking endonuclease Nb.BbvCI (10 U μL
), polymerase Klenow fragment exo -(5 U μL -1 ), 10 × NEBuffer 2 (500 mM NaCl, 100 mM Tris-HCl, and 100 mM MgCl2, pH 7.9), and the deoxynucleotide solution mixture (dNTPs) were purchased from New England Biolabs Ltd. (Beijing, China). Supplies of 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS 2-) and 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid sodium salt (HEPES) were obtained from Sigma-Aldrich (St. Louis, MO).
Hemin and H2O2 were purchased from Sangon Biotechnology Co., Ltd. (Shanghai, China). All other chemicals were of analytical grade and used without further purification. Super pure water (resistance > 18 MΩ) was used throughout the experiments.
Oligonucleotides designed in this study were purchased from Takara Biotechnology Co., Ltd. (Dalian, China). The sequences of all oligonucleotides are listed in Table 1 . The difference between hairpin probe 6 (HP 6), hairpin probe 7 (HP 7), hairpin probe 8 (HP 8) and hairpin probe 9 (HP 9) lies in the length of the stems (underlined). Each hairpin probe was made up of four parts: the complementary sequence of HRP-DNAzyme (bold), the stem of the HP (underlined), two sequence-specific nicking sites for Nb.BbvCI (italic), and the complementary sequence of the target (framed). A single-mismatch target (SMT) and a random sequence (RS) were used to study the specificity of the method. The mismatched base is underlined.
Apparatus
UV-vis absorption spectra were measured on a Shimadzu UV-2450 spectrophotometer. The absorbance intensity at 417 nm was used to evaluate the performance of the proposed assay. All optical measurements were performed under room temperature unless otherwise indicated.
Nucleic acid target detection
Before conducting reactions in tube, all hairpin probes were denatured in Tris-HCl buffer (10 mM Tris, 100 mM NaCl, pH 8.0) at 90 C for 10 min and slowly cooled to room temperature. The hybridization process was conducted in 10 μL of 1 × NEBuffer 2, 30 nM HP 8 and various concentrations of nucleic acid target at 37 C for 30 min. Then, 10 μL enzyme reaction buffer containing 1 × NEBuffer 2, 25 nM primer 6, 600 μM deoxynucleotide solution mixture (dNTPs), 10 U Nb.BbvCI and 2.5 U Klenow fragment exo -was added to the above mixture and incubated at 37 C for 1 h. Finally, 1 μL of hemin (20 μM, prepared in DMSO), 9 μL of 10 × HEPES (250 mM HEPES, 2 M NaCl, 100 mM KCl, and 0.5% Triton X-100, pH 5.2), and a sufficient amount of H2O were added to form a resultant solution of 90 μL, and then incubated for 30 min at 37 C. UV-vis absorption spectra were recorded at a fixed reaction time of 10 min after the addition of 10 μL of 4 mM ABTS 2-and 10 μL of 400 mM H2O2 to the solutions. To evaluate the ability of target detection, the stem length and the concentration of HP, the length and the amount of primer, were optimized.
Results and Discussion
Design of the hairpin probe and principle of target amplification detection
The flexible design of the hairpin probe in this work contributed greatly to the target regeneration strategy and sensitive colorimetric detection. As illustrated in Scheme 1, the hairpin probe includes four regions (I, II, III, IV) that function differently. From 5′ terminal to 3′ terminal, the black 5′ overhang region I represents the complementary sequence of G-rich DNAzyme, which acts as the template for the subsequent production of G-rich DNAzyme; the brown parts II are the major stem of the probe and help to maintain the hairpin structure; adjacent to areas II, the yellow regions III stand for the specific recognition sequences for Nb.BbvCI, which recognizes double-stranded DNA (ds-DNA) containing these sequences and cleaves one of them; the green loop region IV of the probe is the hybridization region for target molecules. The deliberately intercalated two yellow nicking sites S1 and S2 are responsible for the generation of target analogues (light pink) and G-rich DNAzyme part (blue), respectively.
Briefly, the principle of target amplification detection can be described as follows: when the target is introduced into the hairpin probe solution, it hybridizes with the green loop of the probe and opens the hairpin structure. Then the subsequently introduced primer transiently anneals to the 3′ terminal of the open probe, resulting in efficient polymerization with the help of dNTPs and polymerase. Meanwhile, the newly synthesized ds-DNA can be recognized and the upward strand can be cleaved by nicking enzyme at S1 and S2. Thus, the isothermal circular strand-displacement reaction takes place consecutively. Consequently, not only the target is displaced and recycled to open other hairpin probes, but also multicopies of target analogues are synthesized and the signal transduction element G-rich DNAzymes are enriched. However, in the absence of a nucleic acid target, the probe could not be opened and retains a hairpin structure. The subsequent primer is not able to anneal to the 3′ terminal of the hairpin probe. Therefore, in the presence of dNTPs and polymerase, the stem of the probe grows from 5′ to 3′ end accompanied by the complete blocking of the synthesized G-rich DNAzyme, which leads to a very low background absorbance. As there is no specific recognition sequence synthesized for Nb.BbvCI, the nicking enzyme Nb.BbvCI does not work. This strategy focuses on recycling the original target, producing target analogues and lowering background absorbance, thus theoretically offers great potential for the highly sensitive and colorimetric detection of miRNA.
Feasibility of proposed signaling principle
To verify the feasibility of our design, several control experiments were conducted on the platform of HP 8. As shown in Fig. 1 , the UV-vis absorption intensities of samples are rather low in the presence of a target but without polymerase or dNTPs or nicking enzyme, which indicates the signal is indeed originated from the effective polymerization and cleavage, and the intrinsic background absorbance caused by the reaction buffer is similar to that obtained in the above control experiments. The inset shows the depth of colors is clearly distinguishable. The colorless samples 1 to 5 were treated with only buffer, without polymerase, without dNTPs, without nicking enzyme, or without target, respectively, and the green sample 6 is the typical experiment treated with polymerase, dNTPs, primer 6, nicking enzyme and 800 nM of target. The colorless sample 5 indicates the complete blocking of the synthesized G-rich DNAzyme, while sample 6 implies many G-rich DNAzyme sequences were produced by the isothermal circular strand-displacement reaction.
Optimization of the experimental conditions
Since the hairpin probe was used as a recognition probe, the length of the stem and concentration of HP were decisive for the assay performance. Figure 2A depicts the effects of the stem length of HP on absorption intensities. As the stem of HP becomes longer from 6 bp to 9 bp, background absorbance is clearly decreased. The high background absorbance and low signal-to-noise ratio (S/N) of HP 6 might be attributed to the limited length of the stem and the weak stem hybridization affinity, which lead to the poor formation of hairpin structure in the process of annealing. However, as the stem length extends to 9 bp, the signal decreases considerably. It is thought to be the result of insufficient hybridization force between the target and the loop of HP 9 to open the stem of HP 9. When the stem length reaches 8 bp, the background is well controlled and a good S/N is acquired. Therefore HP 8 was chosen as the best probe in following experiments. In addition, the concentration of HP 8 was carefully examined in the concentration range from 10 to 50 nM. As can be seen from Fig. 2B , the absorption intensities increased with increasing concentrations of HP 8 in the presence or absence of a target, and a key transition point is observed at 30 nM. When the concentration of HP 8 exceeds 30 nM, the absorption intensities of the background grow much faster than that of the amplified signal, leading to an enormously decreased S/N. On the contrary, when the HP concentration is lower than 30 nM, the amount of HP 8 is probably inadequate to realize sensitive sensing. Thus the concentration of HP 8 was optimized at 30 nM.
As a vital factor for target analogue production and signal amplification in the strategy, the primer is obviously important. The effects of primer length and concentration on the target assay were estimated respectively. As revealed in Fig. 3A , it was observed that primer 6 (6 nucleotides long) exhibits relatively low background and high signal absorbance. Figure 3B demonstrates that 12.5 nM of primer 6 is enough to bring about distinguishable absorbance in the presence or absence of the target. It is understandable that if the primer is too long, the recognition probe would be opened by the long primer even in the absence of the target, resulting in the following polymerization/cleavage process.
Consequently, Scheme 1 Schematic representation of miRNA detection based on target amplification and HRP-mimicking DNAzyme. 12.5 nM was used as the optimized concentration of primer 6.
Sensitive detection of nucleic acid target
A series of concentrations of the target were prepared to examine whether the constructed method was robust enough to realize sensitive detection of a nucleic acid target. All quantitative analyses of the target were carried out under the optimal conditions. The UV-vis absorption signals corresponding to various concentrations of the target are presented in Fig. 4A . The absorbance kept increasing with increasing concentrations of the target ranging from 0.5 fM to 800 nM. Signal enhancement is detectable for the sample containing as low as 0.5 fM of target. In Fig. 4B , the main graph displays the absorption intensities at 417 nm as the concentrations of the target changed from 0 to 1 nM. The inset of Fig. 4B illustrates that the absorption intensity exhibits a linear correlation to the logarithm of the target concentration in the range from 0.5 fM to 1 nM with a linear correlation coefficient of 0.997. The detection limit is estimated to be 0.5 fM according to the 3σ rule, and such a satisfactory detection limit is superior to that of existing methods.
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Selectivity of the strategy
Selectivity is a key factor for evaluating the performance of a biosensor. We used a single mismatch target (SMT) and a random sequence (RS) to investigate the selective detection ability of the strategy. The absorption curves are given in Fig. 5 . The absorption intensities can be obviously differentiated for perfectly matched target (PMT), SMT and RS at a given concentration of 800 nM. It can be seen that the peak intensity decreases about 22% in the presence of a single mismatched target, compared to the perfectly matched target at the same concentration. And the intensity of the sample with random sequence is almost the same as the sample without the target, indicating the random sequence did not cause any interference for the sensing system. The melting temperature (Tm) values between HP 8 and PMT, SMT, RS were calculated as 65.2, 62.9, and 11.7 C, respectively, which may be the reason for the lower absorbance of the RS sample and the decreasing absorbance of the SMT sample.
Target detection in biological conditions
To determine whether this method could be applied to target detection in complex systems, we performed experiments in 1% human lung cancer cell lysate samples as well as in the above ideal reaction buffer. The experimental data in Fig. 6 shows that the absorbances of samples in complex conditions are basically in agreement with those in ideal conditions in the presence of 0, 1, and 100 nM of target, which demonstrates this method still works in complex conditions.
Conclusions
In summary, we developed a novel, simple and colorimetric strategy for highly sensitive detection of miRNA based on target amplification and HRP-DNAzyme. With the aid of isothermal circular strand-displacement amplification coupled by intercalating two nicking sites in a template hairpin probe, many copies of target analogues were produced and sensitive detection was achieved. Using the abundantly obtained HRP-DNAzyme to catalyze the oxidation of colorless ABTS 2-to green ABTS
•-, visual detection was realized. The novel model assay exhibits a desirable detection limit as low as 0.5 fM. Moreover, in comparison to previous methods, this strategy does not require any modification, labeling, or immobilization, making this homogeneous assay simple in operation and cost-effective in implemention. As the target response region of the recognition probe is completely flexible and can be adjusted to almost any sequence according to different targets, the platform holds potential of universality for other applications. Fig. 4 (A) The UV-vis absorption spectrum curves trigered by different concentrations of the target (from 0 fM to 800 nM) under the optimal conditions. (B) The peak intensities for the relatively low concentrations of the target ranging from 0 fM to 1 nM. Inset represents the linear relationship between the peak intensity and the logarithm of the target concentration in the range of 0.5 fM to 1 nM. The illustrated error bars are the standard deviation of three repetitive measurements. Fig. 5 The peak intensities for 800 nM perfectly matched target (PMT), single-mismatched target (SMT) and random sequence (RS). Fig. 6 The UV-vis absorbances of samples in complex system (black) and ideal reaction buffer (grey) in the presence of 0, 1, and 100 nM target. The error bars are the standard deviation of three repetitive measurements.
